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Unfolded protein responseUpon endoplasmic reticulum (ER) stress induction, cells endeavor to survive by engaging the adaptive stress
response known as the unfolded protein response or by removing aggregated proteins via autophagy. Chron-
ic ER stress culminates in apoptotic cell death, which involves induction of pro-apoptotic CHOP. Here, we
show that bestrophin-3 (Best-3), a protein previously associated with Ca2+-activated Cl− channel activity,
is upregulated by the ER stressors, thapsigargin (TG), tunicamycin (TUN) and the toxic metal Cd2+. In cul-
tured rat kidney proximal tubule cells, ER stress, CHOP and cell death were induced after 6 h by Cd2+
(25 μM), TG (3 μM) and TUN (6 μM), were associated with increased cytosolic Ca2+ and downstream forma-
tion of reactive oxygen species and attenuated by the Ca2+ chelator BAPTA-AM (10 μM), the antioxidant
α-tocopherol (100 μM), or overexpression of catalase (CAT). Immunoﬂuorescence staining showed Best-3
expression in the plasma membrane, nuclei and intracellular compartments, though not in the ER, in cultured
cells and rat kidney cortex sections. Best-3 mRNA was augmented by ER stress and signaled through
increased Ca2+, oxidative stress and ERK1/2 phosphorylation, because it was attenuated by α-tocopherol,
CAT expression, BAPTA-AM, calmodulin kinase inhibitor calmidazolium (40 μM), ERK1/2 inhibitor U0126
(10 μM), and ERK1/2 RNAi. Knockdown of Best-3 resulted in decreased cell number consequentially of cell
death, as determined by nuclear staining and PARP-1 cleavage. Furthermore, reduced ER stress-cell death
by Best-3 overexpression is attributed to diminished CHOP. Since Best-3 overexpression did not affect up-
stream signaling pathways, we hypothesize that Best-3 possibly interferes with CHOP transcription. From
our novel observations, we conclude that ERK1/2-dependent Best-3 activation regulates cell fate decisions
during ER stress by suppressing CHOP induction and death.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Endoplasmic reticulum (ER) stress develops when ER function is
perturbed by accumulation of misfolded proteins, depletion of Ca2+
stores or oxidative stress in the ER lumen [1]. ER stress is sensed by
three upstream signaling proteins (i.e., RNA-dependent protein
kinase-like ER kinase (PERK), activating transcription factor 6 (ATF6); PERK, RNA‐dependent protein
s signal kinase 1; CHOP, CCAAT/
cellular signal-regulated kinase;
asmic/endoplasmic reticulum
, unfolded protein response;
thophysiology, ZBAF, University
en, Germany. Tel.: +49 2302
e), frank.thevenod@uni-wh.de
& Genetics Research Complex,
L, USA.
l rights reserved.and inositol-requiring ER-to-nucleus signal kinase 1 (IRE1)) which,
when activated, constitute a coordinated adaptive response, namely
the ER speciﬁc unfolded protein response (UPR) that aims to atten-
uate ER stress and to promote cell survival. But chronic or excessive
ER stress can lead to activation of caspase-dependent apoptosis
[2,3]. All three branches of the UPR, but particularly IRE1, can induce
expression of the pro-apoptotic CCAAT/enhancer-binding protein-
homologous protein (CHOP) [also called growth arrest and DNA
damage-inducible protein 153 (GADD153)] (reviewed in [2]). More-
over, ER stress can also activate ASK1 and downstream JNK as well
as caspase-12 localized at the ER membrane through an interaction
with IRE1 and TRAF2, both of which lead cells to undergo apoptosis
[4]. In most cases, the PERK pathway is protective against ER stress-
induced cell death [1,5–7], but other kinase signaling pathways have
also been shown to counteract ER stress-mediated cell death, such as
ERK and Akt [8–10].
Among chemical ER stressors, tunicamycin (TUN), a naturally
occurring antibiotic, induces ER stress by blocking biosynthesis of N-
linked oligosaccharides and inhibiting protein glycosylation. Under
prolonged accumulation of misfolded non-glycosylated proteins in
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[11]. Thapsigargin (TG), an inhibitor of the sarcoplasmic/endoplasmic
reticulum Ca2+ ATPase (SERCA), also causes ER stress by disruption of
ER homeostasis and induction of Ca2+ depletion [12]. Interestingly,
ER stress can also be induced by the nephrotoxic transition metal cad-
mium (Cd2+) in renal proximal tubule (PT) cells which involves gen-
eration of reactive oxygen species [13–15].
Bestrophins (Best) are members of a family of transmembrane
proteins and have been associated with Ca2+-activated Cl− channels
in the plasma membrane of epithelial and non-epithelial cells [16].
Bestrophin-1 (Best-1) has also been reported to interact with protein
phosphatase 2A and/or to modulate Ca2+ channels. Mutations of Best-
1 are linked to Best's vitelliform macular dystrophy, an autosomal
dominant disorder in which lipofuscin accumulates at the retinal pig-
ment epithelium and results in progressive macular degeneration, but
their pathology remains unclear (reviewed in [17]). Recently, human
and mouse Best-1 have been found to be expressed in the ER of epi-
thelial cells and were suggested to facilitate Ca2+ release from the
ER by acting as a counter-ion pathway, but also to promote dedifferen-
tiation and proliferation of epithelial and fast growing cancer cells
[18]. However, the exact function of Best proteins remains obscure.
In particular, apart from two publications on the role of mammalian
Best-3 as a Ca2+-activated Cl− channel in cardiac and smooth muscle
[19,20] there is no further information related to Best-3 function in the
current literature. Hence, the focus of the present study was to inves-
tigate Best-3 function.
In the course of toxicity studies on renal epithelial cells, we no-
ticed that micromolar Cd2+ concentrations but also other chemical
ER stressors (TUN, TG) increase Best-3 expression. Up-regulation of
Best-3 requires an elevation of cytosolic Ca2+, ROS formation and ac-
tivation of the ERK1/2 mitogen activated protein kinase (MAPK)
pathway. Knockdown of Best-3 by RNAi increases apoptotic and ne-
crotic cell death in proliferating PT cells, whereas transient Best-3
overexpression protects against ER stress-induced cell death by sup-
pressing CHOP induction. We conclude that ERK-dependent Best-3
up-regulation in renal epithelial cells is part of an adaptive response
to counteract ER stress associated cell death.
2. Materials and methods
2.1. Cell culture and treatments
TheWKPT-0293 Cl.2 cell line derived from the S1 segment of rat kid-
ney proximal tubule (PT) was cultured as previously described [21].
Unless otherwise stated, cells were grown for two days prior to treat-
ment with 25 μMCd2+, 3 μM TG or 6 μM TUN for 6 h in serum free me-
dium. Inhibitors used (with pre-incubation times): BAPTA-AM (10 μM,
15 min, Alexis Biochemicals, Lörrach, Germany); U0126 (10 μM,
30 min, Sigma-Aldrich, St. Louis, MO); α-tocopherol (100 μM, 60 min,
Sigma-Aldrich), calmidazolium (40 μM, 30min, Sigma-Aldrich).
2.2. Transient transfections
Cells were transfected with Best-3 (exon 10) siRNA [20] (Euroﬁns
MWGOperon, Ebersberg, Germany), ERK1/2 siRNA (Cat. #6560, Cell Sig-
naling Technology, Danvers, MA, USA), using Lipofectamine RNAiMAX
or Lipofectamine 2000 (Invitrogen, Paisley, UK) according to man-
ufacturer's instructions. In some cases, a further round of transfection
was performed to increase knockdown efﬁciency. Best-3 or CAT over-
expression was achieved by transiently transfecting pDNA4-TO/c-
myc-His mouse Best-3 plasmid (mBest-3) (kindly provided by Dr. F.
Britton, University of Nevada School of Medicine) [19] or pcDNA3.1-
human CAT (kindly provided by Dr. N. Akiyama, The Institute of Phys-
ical and Chemical Research (RIKEN), Wako, Saitama, Japan) [22] using
Lipofectamine 2000. Subsequent experimental analyses were per-
formed 24–72 h later.2.3. Immunoﬂuorescence on rat kidney sections
Paraformaldehyde-ﬁxed rat kidney specimens were cut into small
blocks, cryoprotected in 30% sucrose, and frozen in liquid N2. Immuno-
ﬂuorescence was performed on 5 μm cryosections. Sections were
rehydrated in phosphate-buffered saline (PBS), treated with 1% sodi-
um dodecyl sulfate (SDS)/PBS for 5 min, blocked with 1% bovine
serum albumin (BSA)/PBS, and incubated with primary rabbit anti-
Best-3 antibody (Cat #Best-301AP, FabGennix Inc., Frisco, TX) over-
night at 4 °C at dilution 1:400–1:2000. Sections were then exposed
to a biotinylated anti-rabbit (1:200; Sigma-Aldrich) antibody for 1 h
at RT, and incubated with streptavidin-FITC (1:200, Dako, Hamburg,
Germany) for 30 min at RT. Sections were washed with PBS, mounted
with Vectashield (Vector Laboratories, Peterborough, UK), and viewed
with a Zeiss Axioplan2 with ApoTome module ﬂuorescence micro-
scope (Jena, Germany). For peptide competition experiments, the
primary antibody was incubated overnight at 4 °C with immunizing
peptide (dilution 1:100; Cat #P-Bst 300, FabGennix Inc.).
2.4. Immunoﬂuorescence labeling of cultured cells
WKPT-0293 Cl.2 cells (1.2×105 cells/24-well) were plated on glass
coverslips and grown for three days prior to staining. Staining was
performed essentially as described elsewhere [23]. Primary Best-3 an-
tibody and secondary Alexa Fluor® 488-conjugated chicken anti-
rabbit IgG (Molecular Probes, Invitrogen GmbH, Darmstadt, Germany)
was diluted 1:500 and 1:400, respectively. For co-localization studies,
distribution of Best-3 and the ER marker KDEL was determined by co-
incubation with Best-3 antibody and the mouse monoclonal anti-rat
α-KDEL (10C3; Enzo Life Sciences, Lörrach, Germany) (both 1:250)
followed by secondary Alexa Fluor® 488-conjugated goat anti-
mouse and Cy3-conjugated donkey anti-rabbit antibodies (both
1:400). Cells were viewed using ﬁlters for FITC, Cy3 and DAPI and im-
ages were acquired and analyzed as described previously [24].
2.5. Reverse transcription-polymerase chain reaction (RT-PCR)
First strand cDNA was synthesized from 1 μg of total RNA per 20 μl
reaction and oligo(dT)18 primer. cDNA was then utilized in PCR reac-
tions for CHOP and GAPDH as previously described [25]. For Best1–
3: activation at 95 °C for 15 min, 34 cycles at 94 °C for 30 s, 59 °C for
40 s, and 72 °C for 45 s. GAPDH was used as a reference gene. The fol-
lowing primers were used: rat Best1 forward 5′-GCCTTGGTTCCT-
TCTCGTG-3′, rat Best1 reverse 5′-GGCTTTCATTGACAGGTTGG-3′; rat
Best2 forward 5′-CGCCTATCGCTTCTTACTGG-3′, rat Best2 reverse 5′-
TTTAAGGGCACTGTTATCACG-3′; rat Best3 forward 5′-CTCATCTCCAG-
CAGTGTCCA-3′, rat Best3 reverse 5′-CAGATGAGGCGACTTGAGG -3′.
Densitometry of PCR bands was performed using Tina2.09e soft-
ware (www.tina-vision.net) or Image Lab (v3.0, Bio-Rad Laboratories)
after subtracting the background signal density. Ratios of optical den-
sities of speciﬁc to house-keeping gene products were calculated and
compared to the control condition, which was set to 1.0.
2.6. Immunoblotting
For the analysis of phosphorylated proteins, cells were washed
once with PBS and scraped into lysis buffer containing phosphatase
inhibitors (25 mM Tris pH 7.4, 2 mM Na3VO4, 10 mM NaF, 10 mM
Na4P2O7, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 5% protease inhibitor
cocktail) [26] and incubated for 30 min on ice. Equal amounts of pro-
tein were loaded onto acrylamide gels under reducing and denaturing
conditions and immunoblotted as previously described [21,25]. For
phospho-antibodies, blocking and dilution of primary antibodies
were performed in 5% BSA. Primary antibodies were used at the fol-
lowing dilutions: β-actin (Sigma), 1:10,000; pERK1/2 (Cell Signaling
Technology), 1:1000; ERK1/2 (Cell Signaling Technology), 1:40,000;
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Sciences), 1:1000, pPERK (Cell Signaling Technology), 1:1000, p-
eIF2α (Cell Signaling Technology), 1:1000, Best3 (FabGennix Inc.;
Cat # Bst-301AP), 1:200; c-myc (Thermo Scientiﬁc), 1:1000). Second-
ary antibodies were purchased from Amersham Biosciences (Freiburg,
Germany) and used at 1:5000. For peptide experiments, Best3 anti-
body and immunizing peptide (diluted 1:150, ~430-fold excess)
were incubated overnight at 4 °C prior to membrane application.
2.7. Cell cycle analysis
Propidium iodide staining and ﬂow cytometry analysis were
performed as previously described [27]. Brieﬂy, 1.5×105 cells wereB
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) (bottom). (D) MTT assay shows decreased cell viability by ER stressors (means±SE
Fig. 2. ER stress byCd2+, TG and TUN ismediated throughCa2+ andROS in renal epithelial cells. Increase of cytosolic Ca2+was detected in Fluo-3 loaded cells byﬂowcytometry. Histograms
show a rightward shift in FL-1ﬂuorescence by TUN, TG and the Ca2+ ionophore, ionomycin (IONO) indicating increased cytosolic Ca2+ (A, left); quantitative analysis shows the percentage
of the gated cell populationwith increased Fluo-3ﬂuorescence over baseline (means±SE of 4 different experiments is shown) (A, right). Oneway ANOVA compares ER stressors to control.
(B) Ca2+ chelation with BAPTA-AM (10 μM; 15 min pre-incubation) attenuated CHOP induction by TG and TUN after 6 h (n=3); densitometry analysis indicates relative levels of expres-
sion compared to control conditionwithout BAPTA-AM. (C) ROS generation by ER stressors was detected by using either Amplex Red to speciﬁcally detect H2O2 (C, left) or carboxy-H2DCF-
DA tomeasure general ROS (C, right) and peaked at 10–30 min (means±SE of 4–5 experiments). (D) The antioxidantα-tocopherolwas preincubated for 1 h and reducedCHOP expression
induced by exposure to Cd2+, TG and TUN for 6 h. Representative RT-PCR of n=4 different experiments is shown; numbers indicate relative levels of expression compared to control con-
dition without α-tocopherol. (E) Accordingly, cell death induced by Cd2+, TG and TUN (6 h) was prevented by α-tocopherol (means±SE of 3–4 experiments). Statistics using one way
ANOVA compared signiﬁcance betweenmultiple groups. (F) Cells transfectedwith the antioxidative enzyme catalase (CAT) also displayed reduced toxicity by ER stress inducers compared
to vector controls (means±SE of 6–8 experiments). Student's unpaired t-test compares CAT to empty vector cells. n.s.=not signiﬁcant. BAPTA-AMalso decreasedH2O2 production by TUN
after 30min (means±SE of 4 experiments, normalized to respective controls) (G) and cell viability (MTT assay) induced by TUN after 3 h (means±SE of 6 experiments, normalized to
respective controls) (H). BAPTA-AM alone caused 4.5±2.6% cell death. Statistics using Student's unpaired t-test compare TUN to BAPTA-AM+TUN.
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2.9. MTT viability assay
Measurement of viable cells using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) was performed as previous-
ly described [21].
2.10. Apoptosis and necrosis detection
Nuclei of all cells are detected by Hoechst-33342 staining whereas
only necrotic cells are stained with ethidium bromide, as described
elsewhere [21]. Apoptotic cells have condensed nuclei with increased
Hoechst-33342 ﬂuorescence intensity. Images were acquired with a
CCD camera connected to a Zeiss Axiovert 200 M microscope. Micro-
graphs were analyzed using Metamorph software.
2.11. ROS measurements
For H2O2 detection, an Amplex Red Hydrogen Peroxide kit was
employed (Invitrogen, A22188). After treatment, cells were collected
by trypsinization and lysed by three freeze-thaw cycles. Unbroken
cells were removed by centrifugation at 1000 g for 3 min at 4 °C. Lysates
(50 μl) were reacted with 50 μMAmplex Red and 0.1 U/ml horseradish
peroxidase and read at 535/590 nm after 30 min incubation.
The non-ﬂuorescent general oxidative stress detector 5-(and-6)-
carboxy-2′,7′-dichlorodihydroﬂuorescein diacetate (carboxy-H2DCFDA)
ﬂuoresces when oxidized by H2O2, peroxyl radicals and peroxynitriteanion (Invitrogen). Cells were washed twice with PBS+Ca2+/Mg2+
and incubated with 50 μM carboxy-H2DCFDA, which was freshly dis-
solved each time, and 1 μM PSC833 for 30 min at 37 °C. After washing,
cells were brought into suspension by trypsinization and added to a 96
well plate already containing ER stress inducers. Measurement was
started immediately at 500/535 nm and readings were taken everymin-
ute for up to 120 min.2.12. Calcium measurements
Increase in cytosolic Ca2+ concentrations was determined by ﬂow
cytometry according to Gergely et al. [29], with slight modiﬁcations.
Adherent WKPT-0293 Cl.2 cells were loaded with 4 μM Fluo-3 AM
(Invitrogen) in the presence of 2 mM probenecid for 30 min at 37 °C
in standard culture medium containing 5% FBS. Cells were detached
by gentle trypsinization and washed twice with HBSS ﬂux buffer
(HBSS without CaCl2 or MgSO4, 10 mM HEPES, 5% FBS, 1.5 mM
CaCl2, pH 7.2)+2 mM probenecid. Experiments were performed
with cells suspended in HBSS ﬂux buffer+2 mM probenecid on a
FACS Calibur ﬂow cytometer (BD Biosciences) at FL-1 (excitation/
emission 488/530 nm). Baseline ﬂuorescence was measured for 50 s.
Data acquisition was then interrupted, ER stress inducing agents
were added, mixed by vortexing and data acquisition was resumed.
Changes in Fluo-3 ﬂuorescence were monitored for a total of 200 s.
The Ca2+-ionophore ionomycin was used as a positive control. Data
were analyzed with WinMDI software. Fluo-3 loaded cells were se-
lected by gating and the percentage of cells with increased Fluo-3
ﬂuorescence over baseline levels was calculated.
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Unless otherwise indicated, the experiments were repeated at
least three times. Analyses by unpaired Student's t-test or for more
than two groups, one-way ANOVA assuming equality of variance
with Levene's test and Dunnett's post-hoc test were carried out with
GraphPad Prism 5.0. Results with Pb0.05were considered to be statis-
tically signiﬁcant.
3. Results
3.1. Cd2+, TG and TUN induce ER stress by a Ca2+ and ROS-dependent
mechanism in renal epithelial cells
Cadmium (Cd2+), TUN, and TG, are well characterized as inducers
of ER stress and apoptotic cell death [7,11–13]. In an attempt to dimin-
ish ER stress, protein translation is reduced through phosphoryl-
ation of PERK and eIF2α [1–3]. Exposure of cultured rat PT cells to
Cd2+ (25 μM), TUN (6 μM) or TG (3 μM) increased phosphorylation
of both proteins (Fig. 1A). Whereas TG and TUN acted quickly and
induced ER stress within 1 h, signiﬁcant increases in pPERK and p-
eIF2α were ﬁrst observed after 3 h Cd2+. Cd2+, TUN or TG for 6 h
also increased the expression of downstream response genes to ER
stress, i.e. the UPR-induced chaperones GRP78/BiP, GRP94, and, to a
lesser extent, protein disulﬁde isomerase (PDI), which were detected
by immunoblotting using a monoclonal antibody directed against
the C-terminal KDEL sequence (Fig. 1B). The pro-apoptotic transcrip-
tion factor CHOP downstream of PERK, as determined by RT-PCR
(Fig. 1C), was signiﬁcantly augmented and accordingly induced cell
death at 6 h exposure (Fig. 1D).
ER stress has been shown to depend on upstream signaling in-
volving ROS formation and/or an increase of cytosolic Ca2+, but
their speciﬁc role and exact interrelationship remains complex and
context dependent [30–33]. We investigated the relationship be-
tween ROS, cytosolic Ca2+ and ER stress induction. First, the role of
cytosolic Ca2+ in ER stress induction by TUN or TG was investigated.
Cd2+ was not tested because it binds to Ca2+-sensitive probes [34]
as well as to the BAPTA moiety with an apparent KD in the nano-
molar range [35]. It is known that TUN inhibits N-linked glyco-
sylation in the protein folding process and accumulation of
these misfolded proteins is the major cause of ER stress induced by
TUN. However, TUN can also mobilize Ca2+ from intracellular pools
[36]. Alongside direct ER stress induction, here we provide evidence
for TUN-induced Ca2+ release in PT cell suspensions using Fluo-3, a
Ca2+ binding dye. Both TG and TUN signiﬁcantly increased Fluo-3 ﬂuo-
rescence by ~12% in comparison to ionomycin, a calcium ionophore
(~30%) (Fig. 2A). The cell-permeable Ca2+ chelator BAPTA-AM also re-
duced CHOP upregulation by TG or TUN after 6 h (Fig. 2B), Subsequent-
ly, we showed that all three ER stress inducers generate ROS, but the
kinetics differed. With the H2O2 detection reagent Amplex Red, H2O2
peaked at 10 min and returned to baseline levels with Cd2+ whereas
with TUN or TG, H2O2 formation peaked at 30–60min and remained
elevated for up to 180 min (Fig. 2C, left). Using the more general ROS
detection reagent carboxy-H2DCFDA, we have previously shown that
Cd2+ increases ROS formation steadily over a period of 2 h [25]. In con-
trast, TUN and TG induced ROS formation that peaked at 10 min
(Fig. 2C, right). The antioxidant α-tocopherol has been shown to effec-
tively prevent ROS formation elicited by the ER stress inducer Cd2+
[25,27] and to suppress CHOP upregulation in cultured PT cells [25],
which indicates that Cd2+-induced ER stress is downstream of ROS for-
mation and conﬁrms previous data by others [13]. To extend these
data, we tested the effect of α-tocopherol on the expression of CHOP
induced by ER stress. As shown in Fig. 2D, α-tocopherol reduced
CHOP expression elicited by Cd2+, TG or TUN incubated for 6 h and
abolished cell death (Fig. 2E). Furthermore, we could demonstrate
that overexpression of the H2O2 metabolizing enzyme, catalase,signiﬁcantly attenuates cell death by Cd2+ or TUN at 6 h (Fig. 2F).
Cell death by TG could also be reduced by catalase but did not reach
signiﬁcance (Fig. 2F). Finally, BAPTA-AM reduced H2O2 formation by
TUN (6 μM for 30 min) by 45±7% (n=4; P>0.01) (Fig. 2G), as well
as cell death by TUN (Fig. 2H), which indicates that an increase of cyto-
solic Ca2+ is upstream of ROS formation and conﬁrms current models
of ER stress signaling [2].
3.2. Cd2+-, TG- and TUN-induced ER stress triggers ERK1/2 activation in
renal epithelial cells
Previous studies have shown that ER stress elicits a downstream
survival response mediated by MEK/ERK signaling to counteract TG-
or TUN-induced ER stress-stimulated apoptotic signaling in renal tu-
bular and epithelial cancer cell lines [8–10]. Accordingly, the ER stress
inducers Cd2+, TUN and TG caused cell death (Fig. 1D), but also acti-
vated ERK1/2, as demonstrated by immunoblots of phosphorylated
ERK1/2 (Fig. 3A). Activation of ERK1/2 by the ER stressors developed
within 4–6 h, which was abolished by the ERK1/2 inhibitor U0126
(Fig. 3B) and was reduced by α-tocopherol (Fig. 3C). Moreover,
ERK1/2 phosphorylation triggered by TUN was returned to control
levels by BAPTA-AM (Fig. 3D), which indicates that ERK activation in-
volves upstream signaling mediated by ROS formation and/or an in-
crease of cytosolic Ca2+ [37,38].
3.3. Best-3 is expressed in renal epithelial cells
The divalent transitionmetal ion Cd2+ is nephrotoxic atmicromolar
concentrations and particularly causes renal PT injury by inducing apo-
ptotic cell death (for review, see [39]). Preliminary RT-PCR experiments
indicated that among themembers of the Best protein family expressed
in cultured kidney PT cells, only Best-3mRNAwas upregulated by Cd2+.
Best-1 was not expressed and could not be induced by Cd2+ and Best-2
expressionwasnot affected by Cd2+ (data not shown). Immunoﬂuores-
cence microscopy of tissue sections of rat renal cortex using a commer-
cially available rabbit polyclonal antibody againstmouse Best-3 showed
Best-3 protein expression predominantly in the basolateral area of PTs
(Fig. 4A, arrows) but also intracellularly (Fig. 4A, left; asterisks). To con-
ﬁrm speciﬁcity of the Best-3 antibody, the antibody was pre-incubated
with an immunizingpeptide. Best-3 signalswere reduced in kidney sec-
tions (Fig. 4A, right). In cultured PT cells Best-3was expressed in plasma
membranes (Fig. 4B, arrows) as well as in the nuclear compartment
(Fig. 4B, asterisks and inset), but showed no co-localization with the
ER, which was labeled with an antibody against the ER marker KDEL
(Fig. 4B, inset).
3.4. Ca2+- and ROS-dependent ER stress and ERK1/2 activation are
required for Best-3 expression
As shown in Fig. 4C (top panel), Cd2+ exposure was associated
with increased Best-3 expression. Maximal expression was observed
at 1–6 h and decreased at later time points. Similarly, TG or TUN also
increased Best-3 expression at 4 h (Fig. 4C, bottom panel). Co-
incubation of ER stress inducers Cd2+, TG, or TUN with α-tocopherol
decreased up-regulation of Best-3 (Fig. 4D). Using an alternative ap-
proach, we transiently overexpressed catalase and found that it re-
duces Best-3 induction by the ER stressors (Fig. 4E). BAPTA-AM also
prevented TG-induced Best-3 overexpression (Fig. 4F). The role of
Ca2+ signaling in Best-3 upregulation elicited by ER stress was further
supported by using the calmodulin inhibitor, calmidazolium (40 μM),
which reduced TG or TUN effects on Best-3 expression (Fig. 4G), and
increased Best-3 by the calcium ionophore A23187 (data not
shown). The ERK1/2 inhibitor U0126 abolished Best-3 upregulation
induced by ER stress (Fig. 4H), indicating that Best-3 expression is reg-
ulated by ERK1/2 activation. To test this hypothesis further, PT cells,
which had been transfected with scrambled or ERK1/2 siRNA, were
Fig. 3. ERK1/2 phosphorylation is induced by ER stress and downstream of Ca2+ and ROS signaling in renal epithelial cells. Activation of ERK1/2 by phosphorylation (pERK1/2) was
measured by immunoblotting using total ERK1/2 as control. A time course of increased pERK1/2 by ER stressors Cd2+, TG and TUN (A), which was abolished by the speciﬁc inhibitor
U0126 after 6 h exposure to ER stress inducers (B). ROS and Ca2+ signals induced by Cd2+, TG and TUN are upstream of ERK1/2 activation since α-tocopherol (C) and BAPTA-AM
(D) could attenuate pERK1/2 signals after 6 h. Representative blots of n=3–4 experiments are shown.
1870 W-K. Lee et al. / Biochimica et Biophysica Acta 1823 (2012) 1864–1876incubated with Cd2+ or TG and Best-3 expressionwas determined. In-
deed, down-regulation of ERK1/2 reduced overexpression of Best-3
induced by ER stress (Fig. 4I).
3.5. Best-3 protects against cell death induced by ER stress
Chronic ER stress can lead to apoptosis and CHOP, as well as other
related signals, can regulate the transition from adaptation/survival
events to a pro-apoptotic phase [2,3]. To investigate the role of Best-
3 in cell death elicited by ER stress inducers, Best-3 expression was
down-regulated by transfection of PT cells with siRNA against exon
10 of Best-3 mRNA. As shown in Fig. 5A, Best-3 mRNA expression
was almost abolished 72 h after transfection with Best-3 siRNA com-
pared to scrambled siRNA. Similarly, Best-3 expression in the presence
of ER stress inducers was also reduced by Best-3 siRNA by ~50% (data
not shown). Interestingly, proliferation of cultured PT cells was signif-
icantly reduced by down-regulation of Best-3 (Fig. 5B). This effect was
not caused by changes in cell cycle regulation, as no arrest at G1/S or
G2/M checkpoints was observed by FACS analysis after 72 h transfec-
tion. Rather, an increase of the sub-G1 phase by more than three-fold
from 4.0±0.9% to 14.6±2.5% with Best-3 siRNA for 72 h indicated
that down-regulation of Best-3 promotes cell death (Fig. 5C). This
was conﬁrmed by a 4-fold increased ﬂuorescence intensity of Hoechst33342 and ethidiumbromide staining after 72 h transfection (Fig. 5D),
indicating apoptotic and necrotic cell death. Moreover, Best-3 siRNA
induced increased cleavage of PARP-1 resulting from caspase activa-
tion (Fig. 5E). This suggested that Best-3 promotes anti-apoptosis
and survival rather than apoptosis. To test this hypothesis, cultured
PT cells were exposed to the ER stress inducers Cd2+, TUN or TG
after mBest-3 overexpression (Fig. 5F). mBest-3 overexpression sig-
niﬁcantly reduced cell death (Fig. 5F) and accordingly reduced CHOP
upregulation elicited by ER stress inducers (Fig. 5G), which could not
be attributed to decreased ROS by Best-3 overexpression (data not
shown), indicating that Best-3 protects against ER stress induced cell
death by preventing CHOP induction. Finally, ER stress-induced phos-
phorylation of neither PERK nor eIF2 was affected by mBest-3 over-
expression indicating that Best-3 does not inhibit CHOP induction by
acting on its upstream regulators (Fig. 5H).
4. Discussion
The importance of ER stress inmediating cellular life and death deci-
sions is demonstrated by its involvement in a number of major modern
diseases, including cancer, neurodegenerative and heart diseases [40].
Cancer is of particular importance in Cd2+ exposures as it is a class I car-
cinogen. Hypoxia and nutrient starvation, both typical characteristics of
1871W-K. Lee et al. / Biochimica et Biophysica Acta 1823 (2012) 1864–1876an in vivo tumor environment, are strong inducers of the ER stress
response as the cell endeavors to survive. Chronic exposure to ER
stressors, however, leads to upregulation of the UPR proteins (reviewed
in [41]). A number of cancers have an increased expression of GRP78
andGRP94, which could contribute to the ability of a cancer cell to resist
proapoptotic challenges. Here, we provide evidence for a novel ER
stress-regulated survival factor, namely Best-3, as a further insight into
ER stress-mediated evasion of apoptosis and tumor progression.Fig. 4. ER stress upregulates Best-3 in renal epithelial cells in a Ca2+-, ROS- and ERK-depen
olateral membrane (A, arrows) and intracellularly (A, asterisks) in proximal tubules (PT) bu
in rat kidney sections. Representative micrographs of 5 different sections from one kidney ar
(arrows) and intracellular compartments (asterisks) of immortalized kidney PT cells but sho
KDEL (inset; green=KDEL, red=Best-3). Best-3 expression at the mRNA level was determin
incubation with the antioxidant α-tocopherol (D) (n=3), transfection with catalase (CAT)
calmidazolium (G) (n=3), the ERK1/2 inhibitor U0126 (H) (n=4), and, scrambled (Scr) or
ER stress after 6 h. The effectiveness of ERK1/2 siRNA was determined by immunoblotting (I
condition (C-I). Student's unpaired t-test compares CAT to empty vector cells.4.1. Roles of Ca2+ and ROS in ER stress induction by TG, Cd and TUN in
renal epithelial cells
Calcium and free radicals are essential mediators of ER stress. The ER
primarily functions as a dynamic Ca2+ store, which accumulates high
levels of Ca2+ from the cytoplasm through the action of high-afﬁnity
Ca2+ pumps of the sarco-endoplasmic reticulum Ca2+ ATPase (SERCA)
family [42]. This Ca2+ pool is also important for the translocation,dent manner. Staining of rat kidney sections showed distribution of Best-3 to the bas-
t not in the glomerulus (G). Immunizing Best-3 peptide decreased the signal for Best-3
e shown. (B) Using immunoﬂuorescence, Best-3 was localized to the plasma membrane
wed no presence in the ER as indicated by the lack of colocalization with the ER marker
ed following a time course with Cd2+, TG and TUN (C) and peaked at 3–6 h (n=4). Co-
(E) (means±SE of 7–8 experiments), BAPTA-AM (F) (n=4), the calmodulin inhibitor
ERK1/2 siRNA (I, bottom) (n=3) reduced or abolished Best-3 upregulation induced by
, top). Densitometry analyses indicate relative levels of expression compared to control
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teins in the ER through its direct interactions with a variety of ER-
resident molecular chaperones and enzymes [43]. In fact, the ER
provides a unique oxidizing folding-environment that favors the for-
mation of the disulﬁde bonds via several protein disulﬁde isom-
erases (PDIs) that are required to ensure proper disulﬁde bond
formation and prevent formation of illegitimate disulﬁde bonds
[32]. Thus, protein oxidation in the ER is connected with generation
of ROS. Changes in the redox state and the presence of ROS may
also affect the Ca2+ homeostasis by modulating the function of ER-
based Ca2+ transporters, channels and buffering chaperones [33].
On the other hand, both protein folding reactions and protein chaper-
one functions require high levels of ER intraluminal Ca2+. Moreover,ATP is required for chaperone function, to maintain Ca2+ stores and
redox homeostasis [32]. Hence it is not surprising that Ca2+ release
and ROS formation are tightly linked events whose interrelationship
is complex, context dependent and often difﬁcult to untangle.
However, current models of ER stress signaling favor an increase
of cytosolic Ca2+ being upstream of ROS formation [2], which we
conﬁrmed for TUN (Fig. 2G, H). How could agents with such different
modes of action as TG, Cd2+ and TUN elicit Ca2+ release from the ER?
As a blocker of SERCA pumps [44], TG blocks Ca2+ uptake resulting in a
decrease of ER Ca2+ and impairment of protein folding reactions.
Similarly, though we could not test experimentally whether Cd2+
causes Ca2+ release because BAPTA-AM chelates Cd2+ aswell [35], pre-
vious studies have demonstrated that Cd2+ disrupts Ca2+ signaling by
Fig. 5. Best-3 regulates cell fate decisions in renal epithelial cells undergoing ER stress by suppressing CHOP. (A) Knockdown of Best-3 by transfection of Best-3 siRNA was veriﬁed
by PCR. (B) Proliferation curves of control and Best-3 siRNA transfected cells were determined by cell counting. Doubling times are 38.8±1.6 h for control and 54.5±4.5 h for Best-
3 siRNA (means±SE of 5–6 experiments, P=0.006). Student's unpaired t-test compares Best-3 siRNA to control siRNA cells at each time point. (C) Cell cycle analysis using
propidium iodide staining and ﬂow cytometry. No changes were observed in Best-3 siRNA transfected cells with the exception of an increased sub-G1 phase. Student's unpaired
t-test compares control and Best-3 siRNA cells in each phase (means±SE of 3 experiments). (D) Nuclear cell death staining in non-ﬁxed cells. Apoptosis (H-33342) and necrosis
(EtBr) were increased in Best-3 siRNA cells (D, left). Analysis of 6 micrographs is shown (D, right) (means±SE). (E) In Best-3 siRNA cells, PARP-1 is cleaved from 116 kDa to 89 kDa,
indicating apoptosis induction. Smaller fragments of PARP-1 were also recognized by the PARP-1 antibody which could be an indication of necrosis (arrowheads) (representative of
n=4 different experiments). Overexpression of Best-3, as shown by PCR (F, top) signiﬁcantly decreased cell death elicited by Cd2+, TG and TUN (F, bottom) and suppressed CHOP
induction (G). Student's unpaired t-test compares vector to Best-3 overexpressing cells (means±SE of 3–5 experiments). (H) Phosphorylation of PERK and eIF2α is unchanged in
mBest3 overexpressing cells compared to vector control. Immunoblots are representative of 4 individual experiments.
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inhibitor of N-glycosylation in the ER [11], also induces Ca2+ release
(Fig. 2A) [47–49] by interference with the calnexin phosphorylation
status, which controls SERCA pump activity. Hence SERCA pump inhibi-
tion by all three ER inducers will result in increased leakage of Ca2+ into
the cytosol that could stimulate mitochondrial ROS formation [30]. ROS
can further target the ER Ca2+ pumps and channels and protein folding
enzymes to exacerbate ER Ca2+ release and ER stress.
4.2. Plasma membrane and nuclear localization of Best-3 in renal
epithelial cells implies different cellular pools and functions
Best-1 and Best-2 have been identiﬁed both in the plasma mem-
brane (PM) and in the ER of murine and human epithelial cells
[50–53], whereas Best-3 has been detected in the plasma membrane
of murine cardiac myocytes, but also in intracellular punctuate struc-
tures [19]. Here we found rat Best-3 in the basolateral membrane of
PT cells in rat renal cortex (Fig. 4A) and in non-identiﬁed intracellular
structures. In the rat PT cell line WKPT-0293 Cl.2 Best-3 was weakly
expressed in the PM and in the nucleus (Fig. 4B). Because we found
upregulation of Best-3 in cultured PT cells as a consequence of ER
stress, we were particularly interested by the observation that Best-
1 has been associated with modulation of Ca2+ signaling in the ER
of respiratory epithelial cells [51]. However, co-staining with the ERFig. 6. Model for ER stress-induced regulation of cell fate by Best-3 in renal epithelial cells. C
Ca2+ followed by ROS generation. In an attempt to reduce the ER stress load and cell death, t
thus blocking its apoptosis-inducing effect and prolonging adaptive cell survival.marker KDEL clearly excluded expression of Best-3 in the ER
(Fig. 4B, inset). The distinct differential localization of Best-3 (and
Best-1) in the PM and intracellular organelles suggests different cellu-
lar pools of the protein with distinct functions. Thus, the localization
of Best-3 in the nucleus of cultured PT cells implies a role in cell
cycle and/or gene regulation.4.3. ERK-dependent Best-3 upregulation affects UPR kinetics of cell death
by suppressing CHOP induction
ER stress elicits a downstream survival response mediated by the
PERK pathway (Fig. 1B) [1,5–7], but other kinase signaling pathways
have also been shown to counteract ER stress-mediated cell death, in-
cluding MEK/ERK1/2 and Akt [8–10]. The mechanism by which ERK
activation inhibits apoptosis is context dependent [54] and may in-
volve suppression of the function and/or expression of pro-apoptotic
proteins, such as caspases 8 and 9, Bim or BAD. But ERK1/2 can also
promote cell survival by enhancing the activity of anti-apoptotic mol-
ecules, such as members of the Bcl-2 family or by increasing the ex-
pression and activity of DNA repair proteins (reviewed in [54]). But
to the best of our knowledge, bestrophins have neither been previous-
ly identiﬁed as ERK substrates, though they can be phosphorylated
[55], nor as survival factors.d2+, thapsigargin and tunicamycin cause ER stress by inducing an increase in cytosolic
he cells upregulate Best-3 by activating ERK1/2. Best-3 prevents the induction of CHOP,
1875W-K. Lee et al. / Biochimica et Biophysica Acta 1823 (2012) 1864–1876What could be the pro-survival mechanism of Best-3 during ER
stress? One clue comes from our observation that Best-3 siRNA pro-
moted cell death and increased cleavage of PARP-1 resulting from
caspase activation (Fig. 5D and E). This suggested that Best-3 pro-
motes anti-apoptosis rather than apoptosis. Indeed, overexpression
of Best-3 signiﬁcantly reduced cell death elicited by ER stress inducers
and prevented CHOP induction (Fig. 5F and G). Hypothetically, Best-3
could reduce cell death by preventing ROS induction, an event that is
far upstream in the stress signaling pathway. But overexpression of
Best-3 did not attenuate ER stressor or H2O2 induced ROS production
(data not shown). Furthermore, Best-3 has recently been identiﬁed
as a biomarker for breast cancer through proteomic analyses [56],
supporting our hypothesis of Best-3 as a survival factor. Chronic ER
stress is known to cause apoptosis via the canonical mitochondrial
pathway [57]. Activation of UPR triggers four waves of responses
over time to restore protein folding homeostasis in the ER and then
shift adaptive programs towards apoptosis to eliminate irreversibly
damaged cells [3]: (i) an immediate response to decrease the load of
unfolded proteins in the ER; (ii) a transcriptional reaction controlling
the upregulation of UPR target genes related to folding and quality
control; (iii) a transition phase between adaptive and cell death pro-
grams; and (iv) an end stage that upregulates speciﬁc pro-apoptotic
genes. The activation of several pro-apoptotic events during the tran-
sition phase is mediated by CHOP, a transcription factor that acts
downstream of the PERK-eIF2α-dependent activation of the activat-
ing transcription factor 4 (ATF4), which is essential for induction of
autophagy and apoptosis [58]. CHOP downregulates the expression
of Bcl-2 and alters the redox state of the cell, thus sensitizing cells to
apoptosis [59]. CHOP also controls the expression of growth arrest
and DNA-damage-inducible 45 (GADD45), which enhances protein
synthesis of the already stressed cell, possibly sensitizing cells to apo-
ptosis [57,60]. The potent suppression of CHOP induction elicited by
ER stress inducers in PT cells overexpressing Best-3 (Fig. 5G) is a key
experiment, indicating that the transition from pro-survival to pro-
apoptotic cell fate can be postponed by Best-3-mediated inhibition
of CHOP induction. Moreover, Best-3 seems to exert its pro-survival
effect in a direct manner on CHOP transcription as phosphoryla-
tion of the upstream regulators PERK and eIF2α was not affected
(Fig. 5H). In this scenario, ERK1/2 signaling appears – by upregulating
Best-3 – to regulate the kinetics of UPR effector responses, particularly
the time point of apoptosis activation and thereby prolong the adap-
tive phase to increase survival of damaged cells.
In conclusion, ERK1/2-dependent Best-3 upregulationmodulates ER
stress-associated cell fate decisions by suppressing CHOP expression
(see Fig. 6). However, how Best-3 prevents CHOP induction is unclear
and remains the aim of future studies. Through targeting of the UPR,
in conjunction with conventional antitumor drugs, a multitherapeutic
approach will increase the effectiveness of cancer treatment.
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